The direct discharge of palm oil mill effluent (POME) wastewater causes serious environmental hazards due to its high chemical oxygen demand (COD) and biochemical oxygen demand. This paper proposes a new approach for integrated technology of ultrasonic membrane for a POME treatment. The paper evaluated the economic viability based on the changes of the new design of ultrasonic membrane anaerobic system (UMAS) when a POME introduces this approach. Six steady states were attained as a part of a kinetic study that considered concentration ranges of 13,800-22,600 mg/L for mixed liquor suspended solids and 10,400-17,350 mg/L for mixed liquor volatile suspended solids. Kinetic equations from Monod, Contois and Chen and Hashimoto were employed to describe the kinetics of POME treatment at organic loading rates ranging from 1 to 15 kg COD/m 3 /d. throughout the experiment, the removal efficiency of COD was from 92.8 to 98.3% with hydraulic retention time from 500.8 to 8.6 days.
INTRODUCTION
The palm oil industry has grown tremendously in recent years and accounts for the largest percentage of oil and fat production in the world ( Jundika et al. ) . Over the last few decades, the palm oil industry has been growing rapidly.
Palm oil has risen to become the most produced and consumed vegetable oil in the world, widely used in food, cosmetic and hygienic products due to its affordable price, efficient production and high oxidative stability ( Jundika et al. ) . Palm oil is the most produced vegetable oil in the world with a global production of almost 60 million tonnes and a global vegetable oil market share of more than 35% by weight in 2015 (Hansen et al. ; Malaysian Palm Oil Board MPOB ). The industry continues to generate huge revenues for the producing countries. Accordingly, it is not surprising that the oil palm industry is expected to grow further in the coming years, as shown in Figure 1 .
The conventional methods for palm oil mill effluent (POME) treatment include aerobic, membrane, evaporation, fluidized bed, anaerobic filtration and continuous stirrer tank reactor. The main drawbacks of these methods are either large volume of digestion, long retention time, lower methane emission, clogging at high organic loading rates (OLR), high power requirement, high cost of carrier media, not suitable for high suspended solid wastewaters, and less efficient gas production at high treatment volume.
This study introduces ultrasonic membrane anaerobic system (UMAS) to overcome the above-mentioned drawbacks of the conventional methods because UMAS has the following advantages:
• treats high organic load wastewater efficiently and effectively;
• reduces the anaerobic treatment time;
• reduces the plant floor area;
• produces renewable energy efficiently;
• reduces biomass sludge discharge.
Over the long term, global palm oil demand shows an increasing trend as an expanding global population gives rise to increased consumption of palm-oil based products Thus, it is not surprising that the highest yields have been obtained from palms grown in this region, which is far from its natural habitat. Moreover, the Malaysian palm oil industry has grown to become a very important agriculture-based industry, and the country is today one of the world's leading producers and exporters of palm oil.
According to Yacob et al. () , 381 palm oil mills in Malaysia generated about 26.7 million tonnes of solid biomass and about 30 million tonnes of palm oil mill effluent (POME) in 2004. Discharging the effluents or by-products on the land may lead to pollution and might deteriorate the surrounding environment. There is a need for a sound and efficient management system in the treatment of these by-products in a way that will help to conserve the environment and check the deterioration of air and river water quality.
The main objective of this study was to evaluate the performance and kinetics of the new designed UMAS in treating POME based on three models: Monod (), Contois () and Chen & Hashimoto () . 
MATERIALS AND METHODS

Wastewater preparation
Raw POME was collected from a local palm oil mill in Lebah Hillier, Kuantan, Malaysia. In the first stage, raw POME was pre-settled using an ordinary sedimentation tank. In the second part of this study, raw POME was chemically pretreated to remove suspended solids and residual oil.
The samples were then stored in a cold room at 4 W C. POME stored under such conditions has no observable effects on its composition. Table 1 shows mathematical expressions for specific substrate utilization rates (SSUR) for three kinetic models (Monod, Contois, and Chen and Hashimoto) .
UMAS bioreactor operation and experimental set-up
Raw POME wastewater was treated by UMAS in a laboratory digester with an effective 200-L volume. 
Bioreactor operation
The UMAS performance was evaluated under six steadystates (Table 2 ) with influent COD concentrations ranging Yunus et al. ). Therefore this paper assumed the produced biogas contained only CO 2 and CH 4 , so the addition of sodium hydroxide solution (NaOH) to absorb CO 2 effectively isolated methane gas (CH 4 ). Table 2 depicts results of the application of three known substrate utilization models.
RESULTS AND DISCUSSION
The performance of UMAS
The performance of the UMAS was evaluated and is summarized in Table 2 . The UMAS performance at six steady-states was established at different hydraulic retention times (HRTs) and influent COD concentrations. The kinetic coefficients of the selected models were derived from Equation (2) in Table 1 by using a linear relationship; the coefficients are summarized in Table 3 . At steady-state conditions with influent COD concentrations of 70,400-90,200 mg/L, UMAS performed well and the pH in the reactor remained within the optimal working range for as HRT increased from 8.6 to 500.8 days and was in the range of 92.8-98.3%. This result was higher than the 85% COD removal observed for POME wastewater treatment using anaerobic fluidized bed reactors (Idris & Al-Mamun ) and the 91.7-94.2% removal observed for POME wastewater treatment using MAS (Fakhru'l-Razi et al.
)
, and the 93.6-97.5% removal observed for POME treatment using MAS (Abdurahman et al. ) . It is observed that there are no COD values for the period between 100 and 500 days, this could be attributed to the growth of VFA. The COD removal efficiency did not differ significantly between HRTs of 500.8 days (98.3%) and 14.7 days (96.0%). At HRT of 8.6 days, COD was reduced to 92.8%. As shown in Table 2 , this was largely a result of the washout phase of the reactor because the biomass concentration increased in the system. This may be attributed to the fact that at low HRT with high OLR, the organic matter was degraded to VFA. The HRTs were mainly influenced by the ultra-filtration, UF membrane influx-rates which directly determined the volume of influent (POME) that can be fed to the reactor.
Determination of bio-kinetic coefficients
Experimental data for the six steady-state conditions in Table 2 were analyzed; kinetic coefficients were evaluated and are summarized in Table 3 . Substrate utilization rates (SUR) and SSUR were plotted against OLRs and HRTs. Table 3 .
The small values of μ max are suggestive of relatively high amounts of biomass in the UMAS (Zinatizadeh et al. ) . According to Grady & Lim () , the values of parameters μ max and K are highly dependent on both the organism and the substrate employed. If a given species of organism is grown on several substrates under fixed environmental conditions, the observed values of μ max and K will depend on the substrates.
PRODUCTION OF METHANE (CH 4 ) AND CARBON DIOXIDE (CO 2 ) GASES
To ensure the performance of anaerobic digesters and prevent failure, many parameters must be adequately controlled. For slaughterhouse wastewater treatment, these parameters include pH, mixing, operating temperature, nutrient availability and OLR into the digester. In this study, the microbial community in the anaerobic digester was sensitive to pH changes. Therefore, the pH was maintained in an optimum range (6.8-7) to minimize the effects on methanogens bacteria that might contribute to biogas production. Because methanogenesis is also strongly affected by pH, methanogenic activity will decrease when the pH in the digester deviates from the optimum value.
Mixing provides good contact between microbes and substrates, reduces the resistance to mass transfer, minimizes the build-up of inhibitory intermediates and stabilizes environmental conditions. This study adopted the mechanical mixing and biogas recirculation. Figure 11 shows the gas production rate and the methane content of the biogas. The methane content generally declined with increasing OLRs. Methane gas content ranged from 64.6
to 81% and the methane yield ranged from 0.39 to 0.70 and this led to the formation of carbon dioxide (CO 2 ) at a higher rate. The gas production showed an increase from 290 to 540 L per day during the study. In this scenario, the higher rate of carbon dioxide (CO 2 ) formation reduces the methane content of the biogas.
CONCLUSIONS POME is always regarded as a highly polluting wastewater generated from palm oil mills; however, reutilization of POME to generate renewable energies has great potential, especially when coupled with wastewater treatment technologies.
This study proposed treating POME by-products through the integrated technology of ultrasonic and membrane production, UMAS at University Malaysia Pahang, UMP. This study evaluated the economic viability based on the changes of the new design of UMAS when a POME introduces this approach.
The integrated technology of UMAS is a more attractive solution compared to the case when the POME was treated individually using either ultrasonic or membrane technology. Moreover, the integrated technology, UMAS, showed improved economic viability, which is the most profitable approach compared to installing each technology alone.
